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Forests are a mosaic of light spectra, and colour signal efficiency might change in 23 different light environments. Local adaptation in Heliconius butterflies is linked to 24 microhabitat use and the colourful wing colour patterns may also be adapted for signalling 25 in different light environments. These butterflies exhibit conspicuous colours as a 26 warning to predators that they are toxic and should be avoided, but also find and choose 27 potential mates based on colour signals. The two selection pressures of predation and 28 mate preference are therefore acting together. In this study we analysed the contrast of 29 two Heliconius mimicry rings in their natural habitats under varying degrees of forest 30 fragmentation and light conditions. We used digital image analyses and mapped the bird 31 and butterfly vision colour space in order to examine whether warning colours have 32 greater contrast and if they transmit a consistent signal across time of the day and habitat 33 in a tropical forest. We tested conspicuousness using opponent colour channels against a 34 natural green background. For avian vision, colours are generally very stable through time 35 and habitat. For butterfly vision, there is some evidence that species are more contrasting 36 in their own habitats, where conspicuousness is higher for red and yellow bands in the 37 border and for white in the forest. Light environment affects Heliconius butterflies' 38 warning signal transmission to a higher degree through their own vision, but to a lesser 39 degree through avian predator vision. This work provides insight into the use of colour 40 signals in sexual and natural selection in the light of ecological adaptation. 41 49 50 Introduction 52
The success of a signal is related to its effectiveness in a specific environment and 53 how strongly it influences the behaviour of the receiver (Endler 1978) . Forests are a 54 mosaic of light colours, and the same colour pattern can have an altered appearance in 55 different light environments (Endler 1993 ). If an individual shows high reflectance of a 56 specific wavelength, but the environment lacks light in that part of the spectrum, the 57 region of high reflection will be unimportant as a signal (Stevens et al. 2007 ). Ambient 58 light spectra also vary from dawn to dusk, hence species that signal only at certain times 59 and places are expected to evolve characteristics and predictable combinations of colours 60 for particular environments (Endler 1993) . Therefore, ambient light characteristics should 61 be included together with the receiver visual system to understand the microhabitat choice 62 and behaviour of animals. 63
Signals depend on the habitat where animals live in, since light conditions can 64 alter colour perception by filtering wavelengths and altering visual backgrounds (Endler 65 1993; Lovell et al. 2005) . Sensory drive explains the process of adaptation of signalling 66 and sensory systems to the local environment (Endler 1992; Endler and Basolo 1998) . 67
Environment tuned spectral sensitivity is better known in aquatic habitats, such as in 68 guppies (Endler 1980) and cichlid fish (Seehausen et al. 2008) , as compared to terrestrial 69 light environments. On land, colour depends on the reflection of the surroundings and has 70 greater variability over time (Boughman 2002) . Habitat signal transmission can favour 71 diversification of mating signals through local adaptation, leading to reproductive 72 isolation. Distinct Anolis lizards male dewlaps are found in different microhabitats 73 (Fleishman et al. 1997) . Male dewlap colours are more conspicuous in their own habitat 74 than in other habitats, mainly because of the contrast against the background in the 75 ultraviolet (UV) range (Leal and Fleishman 2002 (Mallet and Gilbert 1995) . Species that lay eggs 86 on Passiflora species that occur in second growth tend to be seen in open areas, while 87 species that lay eggs on canopy Passiflora vines are seen flying high in the forest. The 88 choice of microhabitat also might be connected with light differences between those 89 environments, such as the choice of using shady areas in communal roosting (Mallet and 90 Gilbert 1995; Finkbeiner 2014) . 91
Therefore, different light environments should create microhabitats where 92 butterfly signals would be more efficient. Although mimicry rings differ in their 93 microhabitat, the light environment has not been measured to verify whether colour 94 patterns could be specifically adapted to particular light environments. The colourful 95 wing colours of Heliconius butterflies may also be subject to evolution caused by sensory 96 drive due to their potentially conflicting roles in predation and mate preference. Many 97 species exhibit Müllerian mimicry (Müller 1879), in which two or more species share the 98 same conspicuous colour as a warning to predators that they are toxic and should be 99 avoided (Benson 1972 Warning coloration should, therefore, be easy to detect and memorize even in 114 heterogeneous environments and light conditions (Guilford and Dawkins 1991; Endler 115 1992) . Warning signals are often dominated by red, yellow and orange, frequently 116 contrasting with black, which are the main colours in Heliconius. The reason why these 117 long-wavelength colours are widely represented in aposematic coloration is that they are 118 highly conspicuous against natural backgrounds, are more stable across light conditions, 119 allowing long distance discrimination and detectability, and influence memorability 120 . This mechanism is useful especially regarding colour stability against spatial and 127 temporal variation in illumination (Lovell et al. 2005; Renoult et al. 2015) . For example 128 birds, the major predator of aposematic butterflies, have tetrachromatic vision and 129 seemingly have at least three opponent channels, as found in domestic chicks (Vorobyev 130 et al. 1998; Osorio et al. 1999 ). Opponent channels have also been described for insects 131 (Chittka et al. 1992; Chittka 1996) and butterflies (Kelber 1999) , and have been 132 hypothesized for Heliconius butterflies although more behavioural analyses are needed 133 to confirm which opponent channels are actually used (Swihart 1971 (Swihart , 1972 day and between light environments, we would predict that this could delay learning by 150 predators and be costly to the prey. Similarly for internal contrasts (i.e. contrast between black and the coloured bands), therefore conspicuousness would not rely totally on 152 background contrast but also on internal patterns which account for close-distance 153 conspicuousness (Endler 1978 
; Aronsson and Gamberale-Stille 2009). (2) From a 154
Heliconius butterfly perspective; we predict that signal contrast and conspicuousness 155 should show habitat-specific maximum background contrast and higher colour 156 differences in their own habitats (Table 1) , which would facilitate detection and species 157
identification. We therefore predict that selection for signal constancy will be much 158 stronger in the avian visual system as compared to the butterfly visual system. 
Statistical analyses 280
All statistical calculations were processed in the software R 3.5.3 (R Core Team 281 2019). Our approach was to model colour contrasts over the course of a day and under 282 different habitats in term of both predator and butterfly vision. Normality tests showed 283 that contrast data were not normally distributed, therefore data were transformed to 284 normality using square-root transformation and the transformed data were used in all 285 statistical analyses. Raw data was plotted to illustrate the results. To test our predictions, 286 general linear mixed models were performed using Satterthwaite approximations with 287 random effects (packages lme4 and lmerTest) and Tukey's post-hoc (package multicomp). 288
The models were fitted accordingly to the predictions outlined above. Heliconius vision, we also added side of the wing (dorsal, ventral) because this trait might 293 be more important for butterflies than for their avian predators. 294
295
Results 296
Signal contrast and conspicuousness for avian predators 297
Red was generally the most contrasting colour against a green background in the 298 RG opponent channel as compared to yellow (z = -11.10, P < 0.001, Table S1 ) and white 299 (z = -18.0, P < 0.001, Table S1 ). In contrast, white had higher contrasts against a green 300 background in the BY channel, as compared to red (z = 22.88, P < 0.001, Table S1 ) and 301 yellow (z = -31.47, P < 0.001, Table S1) ( Figure 3) . Colours in open areas showed a 302 higher contrast, such in the RG channel for red band (t = 7.54, P < 0.001, Table S2 ) with 303 no difference between border and forest (z = -0.31, P = 0.94, Table S2 ) (Figure 3 ). In the 304 Blue-UV opponent channel, UVS and VS birds could perceive red and yellow with less 305 stability, and yellow showed higher contrast early in the morning than at noon (7 am: z = 306 12.15, P < 0.001; 9 am: z = 14.24, P < 0.001, Table S3 ).
Internal achromatic contrast was higher for yellow, compared to red (z = 41.89, P 308 < 0.001, Table S1 ) and white (z = 12.42, P < 0.001, Table S1 ). Moreover, yellow has 309 more contrast in the border, which is the preferred habitat of yellow band butterflies, than 310 in the forest (z = -3.42, P = 0.001, Table S4 ) (Figure 3) . 311
312

Signal contrast and conspicuousness for Heliconius conspecifics 313
In some cases, contrasts followed our prediction that species would be more 314 contrasting in their own habitats ( Figure 4 ). The yellow colour was more contrasting in 315 the border in the UV2-UV1 channel, especially early hours such as 7 am (t = -23.1, P < 316 0.001, Table S5 ) and 9 am (t = -13.3, P < 0.001, Table S5 ). White was more contrasting 317 in the forest than in the border at 7 am in the UV2-UV1 channel (t = 2.32, P = 0.014, 318 Table S5 ) and also at 7 am in the Blue-UV2 channel (t = 6.12, P < 0.001, Table S5 ). Also, 319 in the Blue-UV2 channel, while white colour contrast decreased during the day in the 320 forest, it increased at 12 pm in the border (z = -4.11, P < 0.001, Table S5 ) (Figure 4) . The 321 red colour showed large differences in the RG channel between dorsal and ventral side, 322 with dorsal side with the higher contrast (t = -40.04, P < 0.001, Table S6 ). Same results 323 were found for red in the Blue-Yellow and Blue-UV2 opponent channel (Table S6) is less true of white colouration. One explanation is that white is more variable across 371 time and habitat, so provides a less reliable signal under varied light conditions (Stevens 372 and Ruxton 2012; Arenas et al. 2014). As an example, field and aviary experiments with 373 polymorphic yellow and white wood tiger moths, Parasemia plantaginis, showed that 374 yellow males are avoided more than white males by predators, but white males have 375 higher mating success (Nokelainen et al. 2012 ). Our results showed that white contrasts 376 against green background were lower and rather variable for avian vision. The co-mimics 377 H. sapho and H. cydno also contain iridescence blue that was not measured with this 378 methodology. However, the lack of high contrast in white colouration might be balanced 379 with the fact that polarized light might act as a signal, especially in forest habitats 380 signal. The final decision on whether or not to attack a prey results from a combination 387 of information reaching the predator brain, and for greater efficiency, aposematic 388 coloration needs to be easy to remember (Endler 1988 ). Our results support this 389 prediction, as colours were generally stable through time and light environments in all 390 opponent systems with only a few exceptions. Notably these occurred where contrasts 391
were higher in open areas and in the early morning. This might also be favourable as the 392 prey would be more conspicuous when they are most vulnerable to predation, since birds 393 are more active and forage early in the morning (Buskirk et al. 1972; Poulin et al. 2001;  has been observed in the early morning (Mallet 1986; Finkbeiner 2014) . 396
397
Habitat and time influence conspicuousness in Heliconius conspecifics 398
Butterflies belonging to the two mimetic rings studied here tend to be segregated 399 between habitats, corresponding to areas where the photographs were taken, although 400 there is considerable overlap (Estrada and Jiggins 2002) . We showed that the colours 401 were more unstable when seen through Heliconius vision as compared to avian vision and 402 some colours tend to be more contrasting in their respective habitats. 403
Our results provide some evidence that co-mimic rings are more conspicuous in 404 their own habitat as seen through Heliconius vision, reinforcing the idea that ecological 405 adaptation leads to spatial segregation to where detection would be facilitated. Some 406 colours had higher contrast against green backgrounds in their respective habitat, such as 407 yellow in the border and white in the forest. Nonetheless, red showed the opposite trend 408
and was generally more contrasting in the forest. Differences across light environments 409 could affect mating preferences by altering search costs for a specific colour pattern, and 410 perhaps changing the fitness of different colour patterns. Adaptation in different 411 microhabitats within the forest might have an influence on how closely related species 412 commonly differ in pattern, while convergence in pattern occurs between more distantly 413 related species (Joron and Mallet 1998) . Ecological adaptation is attributed to habitat 414 preference and leads to assortative mating (Jiggins 2008 ). The two sister species studied 415 here, H. melpomene rosina and H. cydno, are known to rarely hybridise in the wild, hence 416 microhabitat segregation reduces potential mating encounters between these two species 417 and reduces gene flow Merrill et al. 2013 ). Subtle environmental 418 conditions could affect recognition in mating behaviour as seen in the jumping spider, the sunlight (Taylor and McGraw 2013) . 421
The activation of opponent channels was often higher in the early hours of the 422 morning, at the time when the butterflies are more active and leave their roost or perches 423 to forage (Mallet 1986; Finkbeiner et al. 2012 ). This was especially the case for 424 In conclusion, the transmission of Heliconius warning signals varies due to light 460 environment to a much greater degree through their own visual system, but to a smaller 461 degree through avian predator vision. Selection for signal detectability under different 462 habitat conditions is a mechanism that is proposed to lead to evolution of signal diversity, 463 as seen in species of Anolis lizards that occupy habitats that match their visual system and 464 signal design (Leal and Fleishman 2002) , in species of warblers which different cone 465 opsin gene expression correlate with sexual selection and habitat use (Bloch 2015) and 466 also colour patterns of guppies are more conspicuous to guppies at the times and places 467 of courtship and relatively less conspicuous at times and places of predator risk (Endler 468 1991) . Heliconius butterfly warning colours are highly contrasting against the forest 469 background and stable through time and habitat in terms of predator avoidance but also 470 conspicuous to attract the attention of conspecifics. However, more extensive studies 471 
